Objective.-As a post-approval commitment, this dose-ranging study was undertaken to evaluate efficacy and safety of onabotulinumtoxinA in adolescents.
INTRODUCTION
Migraine occurs in approximately 8% of individuals aged <20 years old 1 and is the second highest cause of years lost due to disability globally across all age groups. 2 Despite the prevalence of migraine and level of disability associated with it, migraine is often undiagnosed or misdiagnosed. 3 Diagnosis of migraine in children and adolescents is based on criteria in the International Classification of Headache Disorders (ICHD), which has undergone slight revisions with each edition predominantly in relation to duration of headache attack. The second edition of the ICHD indicated that headache attacks may last 1 to 72 hours in childhood migraine, 4 while the latest edition indicates that untreated headache attacks of <2 hours are not proven in children with migraine and has defined migraine based on headache attacks of 2 to 72 hours. 5 In addition, ICHD guidelines have consistently noted that migraines in children are typically bilateral, whereas in adults, a unilateral location is more common. 4, 5 Chronic migraine (CM) is defined as ≥15 headache days per month for >3 months, with migraine-like headaches on ≥8 days per month. 5 While CM is less common in children younger than 12 years, 6 there is an estimated prevalence of 0.8% among 12-to 17-year-olds, with rates as high as 1.8% when CM associated with medication overuse was included. 7 CM is severely disabling, 7 negatively affecting school performance and attendance. 8 To improve function and quality of life and to reduce disability, it is recommended that preventive treatment be started early. 9 Like in adults, some adolescents with CM have intractable disease and fail to respond to ≥2 preventive treatments. 9 Thus, effective and well-tolerated treatments for prevention of CM in adolescents would be welcomed; currently, topiramate is the only preventive treatment approved in the United States for migraine in adolescents. 10 In the Phase 3 Research Evaluating Migraine Prophylaxis Therapy (PREEMPT) trials, onabotuli numtoxinA 155 to 195 U was found to significantly reduce the frequency of headache days vs placebo in adults with CM, 11 and effects continued and were sustained over a 32- week open-label extension of the trials. 12 OnabotulinumtoxinA was approved by the U.S. Food and Drug Administration (FDA) in October 2010 to be used as preventive treatment for CM in adults. This study was undertaken to address a post-approval commitment required under the Pediatric Research Equity Act to assess efficacy and safety of onabotulinumtox-inA in adolescents with CM. Preliminary findings of retrospective reviews of off-label use of onabotulinum-toxinA 75 to 200 U in the treatment of children and adolescents with migraine with or without chronic daily headache, 13 CM, 14 or chronic daily headache or CM 15 provided initial safety and tolerability data to support our study and to justify our dose selection. The FDA specifically requested that at least 2 different doses of onabotulinumtoxinA be assessed in the adolescent population; therefore, the approved dose of onabotulinum-toxinA 155 U was assessed, as was a dose approximately 50% of the approved dose (74 U). The objective of this post-approval study was to evaluate efficacy and safety of a single treatment cycle of onabotulinumtoxinA 155 and 74 U vs placebo as preventive treatment for CM in adolescents (aged 12 to <18 years).
METHODS

Study Design and
Treatments.-A single-treatment, multicenter, double-blind, randomized, placebocontrolled, and parallel-group study was conducted at 28 sites (Table S1 ) in the United States between October 2012 and August 2016 to assess the efficacy and safety of onabotulinumtoxinA in adolescents aged 12 to <18 years.
Investigators at each study site were responsible for evaluating and enrolling patients, and obtaining informed consent and local internal review board approval (if required by their specific institution). At each study site, patients were randomized in a 1:1:1 ratio using an interactive voice response system/ interactive web response system administered centrally by Allergan plc (Dublin, Ireland) to receive a single dose of onabotulinumtoxinA 155 U, onabotulinum-toxinA 74 U, or placebo (intramuscular [IM] saline). Each treatment was administered by IM injection at fixed doses into 31 fixed sites across 7 specific head/ neck muscles following the PREEMPT approach 16 and per the current approved U.S. treatment paradigm (Table S2 ). 17 To maintain the total injected volume at 3.1 mL (0.1 mL per injection site), the diluent concentration differed for the 3 treatment groups. To maintain blinding, neither the investigator, the person performing the injection, nor any other site personnel who interacted with patients were involved in the preparation of study medication; all doses were prepared by independent personnel who did not perform any other procedures or participate in any other aspects of the study. In addition to the study treatments, patients were permitted to take acute headache treatments as prescribed or directed by their physicians; no preventive treatments were permitted.
The total study duration was 16 weeks, including a baseline screening period of 4 weeks to establish that individuals met CM entry criteria ( Fig. 1 ). Eligible patients were randomized and received treatment on day 1 and returned for follow-up visits at weeks 1, 6, and 12 (exit visit). Electronic daily diaries were kept by patients for the duration of the study.
The study design was reviewed and approved by the FDA (Division of Neurology Products), was approved by local and central institutional review boards, and was conducted in compliance with Good Clinical Practice guidelines. Parental/representative written informed consent and written minor assent were obtained prior to any treatment being administered.
Patients.-To be enrolled into the study, patients had to be aged 12 to <18 years on the day of randomization, have had CM for ≥6 months prior to screening, and, per ICHD-2nd edition (first revision) guidelines in place at the time of the study, 4 have had ≥15 headache days of ≥1 hour of total headache duration during the 4-week baseline screening period. Patients with an unstable concomitant condition were excluded, as were patients with a headache diagnosis other than CM in the 52 weeks prior to screening, those with a body weight <30 kg or a body mass index (BMI) ≤5% or ≥95% of recommended, those who had previously received botulinum toxin for any reason, and those who were not in the baseline screening phase for ≥28 days or did not record ≥20 diary days during the screening period. Adolescent women who were pregnant, nursing, or planning a pregnancy during the study period were excluded; eligible patients who enrolled in the study were required to use a reliable form of contraception, including abstinence, as appropriate. Finally, patients with a significant risk of suicide, as assessed by the Columbia-Suicide Severity Rating Scale (CSSRS), were excluded.
Efficacy Measures.-Patients reported headache frequency, headache duration, headache severity, and use of acute headache treatment via electronic diaries completed at the end of each day. A 1-day window for diary completion was allowed, to enable patients to report any further headache-related activity that may have occurred on the previous day after completing that day's diary entry. The primary efficacy measure was change from baseline in frequency of headache days during the 28-day period ending with week 12; a headache day was defined as any day (00:00 to 23:59) with ≥1 total headache hour. Secondary efficacy measures included the change from baseline over a 28-day period in the frequency of headache days at weeks 4 and 8, frequency of severe headache days, total cumulative hours of headache on headache days, the need for oral rescue treatment for an acute migraine attack, and the proportion of patients with a ≥50% decrease from baseline in the frequency of headache. Other efficacy measures included the change from baseline at week 12 in the Pediatric Migraine Disability Assessment (PedMIDAS), a tool that measures migraine disability via responses to 6 questions about the impact of migraine over the last 3 months. 18 Safety and Tolerability.-Adverse events were assessed throughout the study during the screening period and at each follow-up visit initially by general, non-directed questioning (eg, how have you been feeling since the last visit?) and directed questioning, including the 9-item Patient Health Questionnaire and the CSSRS. Physical and neurologic examinations were undertaken as appropriate. Urine pregnancy tests were obtained for all female patients, and clinical laboratory tests (blood chemistry and hematology) were obtained for all patients. A treatment-emergent adverse event (TEAE) was defined as a post-baseline adverse event with onset after the initiation of study treatment or an adverse event with onset before study treatment that worsened in severity or became serious after the initiation of study treatment. A treatment-related adverse event (TRAE) included any adverse event that in the investigator's opinion may have been caused by the study medication with reasonable possibility. Any adverse event determined to be drug related and not already listed as a TRAE in the investigator's brochure was reported to the governing institutional review board. In addition, investigators rated the severity of any adverse event (mild, moderate, or severe). Adverse events were considered serious if they resulted in death, a life-threatening adverse event, inpatient hospitalization, a persistent or significant disability/incapacity, or a congenital anomaly, or were associated with cancer or any abortion (spontaneous or nonspontaneous).
Statistical Analysis.-Efficacy assessments were undertaken in the intent-to-treat population, including all randomized patients, regardless of the actual treatment received. The safety population, defined as all patients who received ≥1 injection of the study treatment, was used for all safety assessments. Based on a 2-sided error level of α = 0.05, a sample size of 42 patients per treatment group had 82% power to detect a between-group difference in mean change from baseline of 4 headache days assuming a standard deviation (SD) of 6.3 based on the results of phase 3 studies in adults.
For any enrolled patient with <28 days of diary data from the baseline screening period, a pro rata approach based on the diary data available (≥20 days) was used to account for missing data. In the follow-up period, any patient with <20 days of diary data was set to missing, and these missing values were estimated using a modified last observation carried forward within treatment methodology, rounded to the nearest whole number.
Mean (SD) changes from baseline in the frequency of headache days during the 28-day period ending with week 12 (primary endpoint) were compared between treatment groups using an analysis of covariance (ANCOVA) with baseline headache frequency as a covariate, investigator center as a stratifying cofactor, and treatment group as a main effect. A 2-sided test was undertaken, and P values were generated for all pairwise comparisons; P < .05 was considered statistically significant. The secondary endpoints of mean (SD) change from baseline in the frequency of headache days during the 28-day periods ending with weeks 4 and 8 were analyzed using the same methodology used for the primary efficacy analysis. To control for multiple pairwise comparisons, a gatekeeping approach was used: onabotulinumtoxinA 155 U was compared to placebo; if P < .05, then onabotulinumtox-inA 74 U was compared to placebo. If each onabotu-linumtoxinA dose was significantly better than placebo, the higher dose was compared with the lower dose, also at the .05 level. Comparisons of the proportion of 50% headache day responders were performed using logistic regression, with baseline headache frequency as a covariate, investigator center as a stratifying cofactor, and treatment group as a main effect.
Sensitivity analyses were performed to explore how sensitive the primary efficacy results were to the method of imputation. As a primary sensitivity analysis, the primary ANCOVA analysis was performed on scores imputed by the reversion toward baseline method (in which missing scores were imputed as the average nonmissing score across all previous 28-day periods including baseline). As a secondary sensitivity analysis, the primary ANCOVA analysis was performed on observed data (ie, data without imputation for missing counts when there were less than 20 days of reported data). This ANCOVA analysis of observed data was also performed with any postdropout diary data excluded. Additional sensitivity analyses using the mixed model for repeat measures and the last nonmissing observed score methods were also performed. Statistical analyses were conducted using SAS version 9.3 software (SAS Institute, Cary, NC).
RESULTS
Patient Disposition and Demographics.-A total of 221 patients were screened for eligibility; 125 met enrollment criteria, were randomized to receive treatment, and were included in the primary efficacy analysis (onabotulinumtoxinA 155 U, n = 45; onabotulinumtox-inA 74 U, n = 43; placebo, n = 37). Of these patients, 2 randomized to receive onabotulinumtoxinA 155 U were found to be ineligible for the study before receiving treatment, and therefore did not receive treatment. The safety population included 123 patients who were treated with at least 1 dose of study medication (onabotuli-numtoxinA 155 U, n = 43; onabotulinumtoxinA 74 U, n = 43; placebo, n = 37). The study was completed by 115 of 125 patients (92.0%), with lack of efficacy as the main reason for not completing the study (4/125, 3.2%; Fig. 2 ). No patients discontinued due to adverse events.
Treatment groups were well-balanced in terms of baseline demographics; the overall mean (SD) age was 15.1 (1.5) years, and the majority of patients were female (98/125; 78.4%) and Caucasian (101/125; 80.8%), with a mean (SD) BMI of 22.5 (3.9) kg/m 2 ( Table 1 ). The mean (SD) age of onset of CM was 10.5 (3.2) years and mean (SD) time since onset was 4.2 (3.0) years. Approximately one-third of patients had allodynia (Allodynia Symptom Checklist score ≥3) at baseline.
Efficacy Outcomes.-All treatment groups reduced the frequency of headache days from baseline at week 12 (primary assessment point) after the single treatment cycle; there were no significant differences between treatment groups at week 12 or at weeks 4 or 8 (Fig. 3A) . Similarly, all treatments reduced severe headache day frequency compared with baseline, and there were no significant differences between treatment groups at all time points except 1. OnabotulinumtoxinA 74 U treatment resulted in a significantly greater reduction in mean (SD; 95% confidence interval [CI]) frequency of severe headache days vs placebo at week 8 (−3.4 [5.0; −4.91 to −1.83] vs −1.4 [6.8; −3.68 to 0.87]; P = .037; Fig. 3B ). However, as this was a single event with no supporting trends, this single difference was not deemed clinically meaningful. Results of the sensitivity analyses consistently demonstrated similarity across treatment groups and no significant between-group differences emerged for any 28-day period.
There was no significant difference between treatment arms in change from baseline in total cumulative headache hours; similarly, there was no significant difference between treatment arms in the proportion of responders (having at least a 50% decrease from baseline in frequency of headache days).
The mean (SD) changes from baseline in the PedMIDAS score at week 12 were -19.5 (53.0) and −36.1 (66.0) in the onabotulinumtoxinA 155 U and 74 U groups, respectively, compared with −32.6 (56.1) in the placebo group. Between-group comparisons in PedMIDAS score were not statistically significant (P ≥ .114).
Safety and Tolerability.-Treatments were welltolerated. At least 1 TEAE was reported by 21/43 patients (48.8%) in the onabotulinumtoxinA 155 U group, Table 2 ). All serious adverse events were considered unrelated to treatment, and all resolved without sequelae. One patient receiving onabotulinum-toxinA 155 U reported a serious adverse event (cellulitis), as did 2 patients receiving onabotulinumtoxinA 74 U (migraine and appendicitis). No patients in any treatment group discontinued the study due to adverse events; there were no deaths. Treatment-related TEAEs were reported by 10/43 (23%) patients in the onabotulinumtoxinA 155 U group, 7/43 (16%) patients in the onabotulinumtoxinA 74 U group, and 4/37 (11%) patients in the placebo group. The majority of treatment-related events were mild in severity in the onabotulinumtoxinA 155 U (8/10 [80%]) and onabotulinumtoxinA 74 U (5/7 [71%]) groups, and mild for 50% (2/4) in the placebo group. Treatment-related TEAEs reported by >3% of onabotulinumtoxinA recipients were neck pain (5/86 [6%] vs 0/37 [0%] with placebo) and musculoskeletal pain (4/86 [5%] with onabotulinum-toxinA vs 0/37 [0%] with placebo), with no evidence of a dose-response relationship for these events. Although 1 incident of facial paresis was determined to be a local pharmacologic effect of onabotulinumtoxinA, none of the reported TEAEs or treatment-related TEAEs were associated with possible distant spread of toxin.
DISCUSSION
This dose-ranging study evaluated the safety and tolerability of onabotulinumtoxinA 155 U and 74 U in adolescents aged 12 to <18 years old. Treatment with onabotulinumtoxinA 155 U, onabotulinumtoxinA 74 U, and placebo reduced headache day frequency from baseline by 6.3, 6.4, and 6.8 days, respectively, for the 28-day period ending at week 12. No statistically significant differences between onabotulinumtoxinA and placebo were found for primary or secondary efficacy endpoints. OnabotulinumtoxinA 74 U, but not 155 U, caused a significant reduction in frequency of severe headache days at week 8 but not at week 12. However, this was not part of an overall pattern in the efficacy results, and this difference between onabotuli-numtoxinA and placebo in the present study does not appear to be clinically meaningful.
Case series and retrospective analyses of the off-label use of onabotulinumtoxinA at doses of up to 215 U in adolescents with medically refractory CM suggest that onabotulinumtoxinA can provide subjective and clinically meaningful relief of symptoms, including reductions in headache frequency and severity (Table 3) . [13] [14] [15] [19] [20] [21] [22] [23] [24] [25] [26] One retrospective case series demonstrated a reduction in headache frequency after 1 treatment cycle to a level similar to that observed in the present study. 14 Unlike previous retrospective evaluations, our study was a randomized double-blind, placebo-controlled trial. In controlled trials of acute and preventive medications in children and adolescents with migraine, the placebo response has consistently been higher than that typically observed in adults, [27] [28] [29] [30] [31] [32] with some evidence of an inverse relationship between age and likelihood of a placebo response. 32, 33 In the Childhood and Adolescent Migraine Prevention (CHAMP) trial of amitriptyline, topiramate, and placebo, for example, 61% of patients receiving placebo experienced a >50% reduction in headache, ultimately leading to the early cessation of the trial. 34 A number of factors have been suggested to account for higher placebo response rates observed in children and adolescents with migraine compared with adults. These include possible differences in clinical presentation and underlying mechanisms of migraine in children and adults, as well as the impact of the study design. 28, 35 Modifications in study design may increase the probability of detecting benefits of active treatment. For example, we suggest that to assess the efficacy of active treatment vs placebo in children and adolescents with migraine with the same level of assurance as for adults, sample sizes need to be larger than those in adult clinical trials. In this context, 1 aspect of our study was that it had a considerably smaller number of participants (n = 125) than were enrolled in the pivotal PREEMPT trials (n = 1384 across the pooled studies), and thus may have not been powered sufficiently to detect differences in efficacy between onabotulinumtoxinA and placebo treatments in this adolescent population that were comparable to those seen in the PREEMPT studies. 12 The current study was only powered to detect a between-group difference in the reduction of headache days of 4 days or greater. In the PREEMPT pooled primary analysis at 24 weeks, the change from baseline in number of headache days was −8.4 with onabotulinumtoxinA treatment and −6.6 for placebo, a mean between-group difference of −1.8 headache days. 11 Trial designs that allow the identification and exclusion of placebo responders before randomization may be more effective at detecting therapeutic gains in pediatric populations. 35, 36 For example, one of the few triptan trials to demonstrate efficacy in pediatric patients utilized a blinded run-in phase to identify placebo responders. 37 Meta-analyses of placebocontrolled trials of triptans in children and adolescents with migraine [38] [39] [40] [41] suggest that our parallel-group study design may have contributed to the high placebo response rate we observed. Of note, preliminary data from an ongoing pediatric double-blind crossover study of onabotulinumtoxinA have shown statistically significant decreases in the frequency and duration of migraine with onabotulinumtoxinA vs placebo, accompanied by numerical improvements in intensity and function ratings. 26 The probability of receiving active treatment rather than placebo can also influence responses. For example, response rates have been shown to be higher in active-comparator than in placebo-controlled trials. 42 In placebo-controlled trials, a greater than 50% chance of receiving the active treatment or a greater expectation of a response have been associated with higher placebo response rates. [42] [43] [44] [45] [46] Thus, a potential limitation of our study was that patients had a 2:1 chance of receiving active treatment; therefore, the high placebo response rate observed might have been expected.
An additional limitation of the current study is that the design provided for only 1 treatment cycle of onabotulinumtoxinA. In adults, it has been established in the pooled PREEMPT studies that a meaningful proportion of patients who failed to respond to the first treatment became responders after additional treatment cycles. 47 In addition, the results of the long-term, open-label COMPEL study showed that the mean reduction in the number of headache days per 28 days was greater after 9 treatment cycles (108 weeks; −10.7 headaches) than after 2 treatment cycles (24 weeks; −7.4 headaches). 48 Therefore, a longer study to explore the safety and efficacy of repeated exposure to onabotulinumtoxinA in the developing adolescent, with at least 2 treatment cycles, may be necessary in this population to detect significant differences between onabotulinumtoxinA and placebo treatment.
Additional potential limitations include that the instrument used to measure allodynia (the Allodynia Symptom Checklist) 49 has not been validated in an adolescent population and that the last observation carried forward was used for missing data (although this was well controlled for by multiple sensitivity analyses described in the study).
For clinical studies to deliver on the overall objective of the Pediatric Research Equity Act, there must be a careful evaluation of both the benefits and the risks of treatment in the pediatric population. 50, 51 Evaluations of off-label use of onabotulinumtoxinA for migraine at doses of up to 215 U in pediatric populations have reported infrequent adverse events, which typically resolved spontaneously or with nonsteroidal anti-inflammatory treatment. [13] [14] [15] 20, 25 In the current trial, treatment-related TEAEs occurred in 20% of patients exposed to onabot-ulinumtoxinA compared with 11% of patients in the placebo group. The majority of TEAEs were mild or moderate in severity, were considered unrelated to treatment, and did not lead to treatment discontinuation.
CONCLUSIONS
Although this post-approval study did not meet its efficacy endpoints, the results provide evidence of the safety and tolerability of onabotulinumtoxinA in the adolescent population. The findings also offer insights on study design that can be used to guide future research into the efficacy of onabotulinumtoxinA for the prevention of migraine in adolescents with CM. In adults, the beneficial effects of onabotulinumtoxinA have been shown to increase with multiple treatments. 48 Therefore, to fully assess the benefits of treatment in adolescents, we suggest that future pediatric trials evaluate at least 2 treatment cycles of onabotulinum-toxinA, enroll larger numbers of patients, and explore the use of a placebo run-in or crossover design.
